The present study introduces the concept of ecological cost of heating modeled on the economic cost of heating. A method of determining these costs is also proposed. This method allows for an analytical description of the ecological as well as economic net present value of a thermal insulation investment. Consequently, it is possible to determine the optimal values for ecological reasons of the heat transfer coefficient of the building external wall and the thickness of thermal insulation. The present study uses life-cycle assessment (LCA) analysis to determine the environmental impact of thermal insulation materials used to insulate the external vertical wall and to determine the environmental impact of thermal energy production in the energy phase of the building's life cycle. Various variants characteristic of Polish conditions were studied. Different types of construction materials of the wall, types of heat sources, thermal insulation materials and climate zones occurring in Poland were considered. For all analysed variants, the obtained thermal insulation thickness, optimum for ecological reasons, was much larger than the optimum for economic reasons. Even at the thickness of thermal insulation optimum for economic reasons, the investment was profitable for ecological reasons, i.e., a reduction in environmental load was obtained as a result of the thermal insulation investment. On the basis of the conducted study, it can be concluded that it is preferable to use thermal insulation thicknesses larger than required by current regulations and larger than optimum for economic reasons. The ecological benefits of thermal insulation investments are then significantly greater, with not much smaller economic benefits.
Introduction
It is very important to study the possibilities of reducing buildings' energy demand [1] [2] [3] [4] . One of the methods to reduce the consumption of thermal energy in a building is the thermal insulation of external walls. Thermal insulation investments are evaluated in terms of economic benefits. They can and should also be assessed in ecological terms. In the literature on the subject, it is possible to find a lot of articles that develop methods for assessing thermal insulation in economic terms. They are usually based on information on the so-called degree-days of the heating period. Using them, it is possible to determine the optimal thickness of thermal insulation for economic reasons, i.e., the one at which the highest net present value (NPV) of investment is obtained (see, for example [5] [6] [7] [8] ).
Unfortunately, buildings and the construction sector are responsible for about 45% of global CO 2 emissions [9] . Therefore, the methods to reduce the environmental impact of buildings should be explored. The present study introduces ecological heating cost on the model of economic heating cost (introduced in the paper [10] ) and proposes a method for their determination. It allows for an analytical description of the ecological as well as economic net present value of a thermal insulation investment. Consequently, the optimal thickness of thermal insulation can be determined for both economic and ecological reasons. Using the introduced method, various cases characteristic for Polish conditions were examined. Various variants were taken into account: structural material of the wall, type of heat source and thermal insulation material. Various climate zones occurring in Poland were also taken into account.
The present study was divided into the following sections. The second section describes the economic assessment method and introduces the ecological assessment method for a thermal insulation investment. Among others, the indicator of ecological heating cost was defined, which allows determining the optimum for ecological reasons values of the heat transfer coefficient of the building external wall and the thickness of thermal insulation. The third section presents the results of research for various variants of thermal insulation investment, using the methods from Section 2. The fourth section discusses the results obtained, in particular in the context of the profitability of the investment for economic and ecological reasons. Finally, the conclusions of the research were presented.
Materials and Methods
The thermal insulation of the building's vertical external walls can be treated as an investment that is expected to bring economic benefits. It is also possible to evaluate such an investment in an analogous way using the life cycle assessment (LCA) for ecological reasons.
Economic Assessment of a Thermal Insulation Investment
For the assessment of a thermal insulation investment for economic reasons, the net present value NPV of the investment may be used, in relation to 1 m 2 of the wall area, described by the equation [7] :
where: The first component of Equation (1) is related to the economic costs of investment, and the second to economic profits.
The dependence between d and U is described by the equation:
where:
λ-thermal conductivity of the thermal insulation material [W/(m·K)], others-as described earlier.
The key is to estimate the annual economic cost of heating (G 0 ). Using the dependency
in the work [10] the following was proposed:
U n -0.23 [W/(m 2 K)] since 2017 required value (maximum allowed value) of the heat transfer coefficient of the wall with a thermal insulation layer (according to [11] It should be noted that on the basis of regulation [11] (and based on Equation (2)), the thickness of thermal insulation should be at least:
The NPV indicator (see Equation (1)) as a function of the variable U is a strictly concave function bounded from above. Therefore, knowing the heating cost (G 0 ) it is possible to determine on the basis this equation for which value of the U coefficient NPV reaches the maximum value. Let us denote it by U opt (see [7] ):
More precisely, U opt is the value for which the partial derivative of the NPV function relative to the variable U is equal to 0. Consequently, the optimal thickness of thermal insulation for economic reasons (see Equation (2)) corresponding to U opt is:
Moreover, the energy demand for heating (D Uopt ) of a building with the heat transfer coefficient U opt (obtained from Equation (6)) and at the annual heating cost G o (determined from Equation (4)) can be determined as follows:
Ecological Assessment of a Thermal Insulation Investment
This section proposes a new method for evaluating a thermal insulation investment for ecological reasons. In particular novelty is the formula for the ecological heating costs G E and formulas in which G E occurs. This method is modelled on the method in Section 2.1. The so-called ecological heating cost, determined using LCA analysis, was implemented.
To evaluate the thermal insulation investment for ecological reasons, ecological net present value of the investment NPV E is proposed (see [12] ):
K l -result of LCA analysis for 1 m 3 of thermal insulation material [Pt/m 3 ], G E -annual ecological heating cost, related to 1 m 2 of the area of the external wall in question [(Pt·K)/(W·y)], others-as described earlier.
The first component of Equation (9) is related to the ecological costs of investment, and the second to ecological profits.
As with economic analysis, it is crucial to estimate the annual ecological heating cost (G E ). These types of cost must meet the condition:
Let us note that on the right side of equality we have the difference: the annual environmental load resulting from heating, with a heat transfer coefficient U o (for building external wall without thermal insulation) and the annual environmental load resulting from heating, with a heat transfer coefficient U n :
The condition (10) gives:
K e -LCA analysis result of obtaining 1kWh of thermal energy for a particular heat source and fuel [Pt/(kWh)], others-as described earlier.
The proposed approach allows for obtaining analytical dependence of NPV E on U, similar to NPV. The ecological net present value NPV E treated as a function of the U variable is also a strictly concave function bounded from above. As in the case of NPV, it is possible to determine its maximum value due to U, let us denote it by U Eopt :
More precisely, U Eopt is the value for which the partial derivative of the NPV E function relative to the variable U is equal to 0. As a consequence, the optimum thermal insulation thickness for ecological reasons (from Equation (2)) is:
Moreover, the D UEopt energy demand for heating of a building, with the U Eopt heat transfer coefficient (determined from Equation (13)) and the annual ecological heating cost G E (determined from Equation (12)) can be determined from the equation:
Results
This section presents the results of study performed using the methods described in Section 2. The study took into account different variants specific to Polish conditions.
Data Accepted for the Analysis
An exemplary single-family, two-story residential building (with usable attic) and a partial basement, intended for a family of 4-6 people, with usable area of p u = 140.20 m 2 , surface of external vertical walls p = 206.61 m 2 and volume of 376.14 m 3 was accepted for the analysis [10] . Depending on the type of heat source, the value of heat generation efficiency was assumed: hard coal boiler-82%; condensing gas boiler-94%; electricity boiler-99%; heat pump-350% (seasonal coefficient of performance (SCOP) = 3.5).
The most important data for the examined variants regarding the wall construction materials, thermal insulation materials and heat sources are presented in Table 1 . Table 1 . Data for construction materials of walls, thermal insulation materials and heat sources.
Type of Construction Material
Cellular Poland is divided into five climate zones, marked from I to V (see [13] ). Due to large differences in heat energy demand depending on the zone, the study took into account the location of the building in zones I, III and V. Due to the location of meteorological stations, the following were selected for analysis: for zone I (the warmest)-the city of Szczecin; for zone III (medium)-the city of Kielce; and for zone V (the coldest)-the city of Suwałki.
To calculate the amount of energy demand for heating D U (in accordance with [13] ), the CERTO program [14] was used, developed by the Lower Silesian Energy and Environment Agency to perform energy certification of buildings. Table 2 shows the determined demand for a building without thermal insulation D Uo (with different U o values depending on the wall construction material) and with thermal insulation D Un (with U n = 0.23 [W/(m 2 K)]). The results are given depending on the climate zone in which the building is located. It can be noticed that there are significant differences in the energy demand of the same building, but located in different zones in Poland. In zone V, this demand is greater than in zone I by about 1/3. Considering buildings without thermal insulation, located in the same zone, but differing in the construction material of the wall and, as a consequence, the value of U o , the demand in the case of lime and sand blocks (LSB) is more than twice as high as in the case of cellular concrete (CC).
The expected lifetime of the thermal insulation, N, was assumed to be 25 years, and interest rates r = 5% and s = 2%. In the subject literature there are also longer utility periods of considered thermal insulation materials assumed.
Life-Cycle Assessment (LCA) Analysis
Life-cycle assessment (LCA) methodology has been standardized based on the ISO 14040 and the ISO 14044 standards [15, 16] . LCA analysis consists of four main stages: Goal and scope definition; Life-cycle inventory; Life-cycle impact sssessment; Interpretation. It can be used, among others, in issues related to energy and construction.
The present study uses LCA to determine the environmental impact of building insulation materials used to insulate the external vertical wall. The product system includes the phase of production of thermal insulation materials along with the phase of obtaining raw materials and energy for their production and the phase of use (the so-called energy phase). This phase is related to the thermal conductivity of individual materials, which affects the building's energy demand. Different thicknesses of the thermal insulation layer were considered in the study, therefore 1 m 3 of material was adopted as the functional unit for thermal insulation materials. LCA was also used to determine the environmental impact of thermal energy production in the building use phase. The production of 1 kWh of thermal energy was adopted as a functional unit.
SimaPro 7.1 [17] was used to perform the LCA analysis. This program has a database relating to average conditions in Europe, which is particularly important in terms of its use in Poland. The present study uses the Ecoindicator 99 procedure. This procedure allows for the unambiguous assignment of eleven impact categories to three categories of damage and thus allows assessing the impact on: human health, environmental quality and consumption of natural resources. It also enables weighing and presentation of the final LCA result in the so-called ecopoints Pt (the value of 1 Pt represents 10 3 annual environmental load of one inhabitant of Europe). Table 3 summarizes the results of the LCA analysis for thermal insulation materials and heat sources in the building under consideration. 
Economic Analysis
This subsection uses the method described in Section 2.1. and data from Section 3.1. First, the annual economic heating cost (G 0 ) was determined using Equation (4) for the considered variants. The G 0 value depends on the building parameters without thermal insulation, the climate zone and the heat source used (see Table 4 ). The heat source and associated K c have the greatest impact on G 0 (see Table 1 ). For known G o cost, it is possible to determine from the Equation (6) the economically optimum value of the heat transfer coefficient (U opt ). The results are presented in Table 5 . For most variants, U opt smaller than U n , with the lowest U opt values obtained (marked with bold) for variant electricity boiler-polystyrene (EB-EPS) (the highest cost of heat generation K c and the lowest cost of thermal insulation material K m ). In some cases, e.g., for variants coal boiler-polyurethane (CB-PUR) and heat pump-polyurethane (HP-PUR) we have at the same time a low cost of heat generation K c (CB and HP) and a relatively expensive thermal insulation material K m (PUR) (see Table 1 ). As a consequence, U opt greater than U n in all climate zones was obtained for these variants. As expected, it was observed that the colder the climate zone, the lower the U opt value (see Table 5 ). On the basis of the determined U opt it is possible to calculate the optimum thickness of the thermal insulation for economic reasons d opt (from Equation (7)) and the demand D Uopt (from Equation (8)). Table 6 gives the calculated thermal insulation thicknesses. As noticed, the thickness variation is very large, as are the heat transfer coefficients. It depends significantly on all four factors being taken into account. The energy demand for heating obtained from Equation (6) (with U opt coefficient) was also determined for comparison using the CERTO program. The error in estimation of D Uopt from Equation (6) in relation to the results obtained in the CERTO program did not exceed ±0.5%. 
Ecological Analysis
This section presents the results of the ecological analysis carried out using the method introduced in Section 2.2. Initially, the annual ecological cost of heating (G E ) was determined from Equation (12) . As in the case of G 0 , the G E value depends on the heat source and climate zone used as well as on the building parameters without thermal insulation (see Table 7 ). The heat source and associated K e have the greatest impact on G E (see Table 3 ). For known cost G E , it is possible to determine the optimum for the ecological reasons value of the heat transfer coefficient (U Eopt ) (from Equation (13)). The results are presented in Table 8 . It should be noted that U Eopt was smaller than U opt and much smaller than U n for all cases. For determined U Eopt , it is possible to define optimum for ecological reasons thermal insulation thicknesses (d Eopt ) (from Equation (14)) and demand D UEopt (from Equation (15)). Table 9 gives the calculated thermal insulation thicknesses. For the same variants, insulation thicknesses optimal for ecological reasons are much greater than the optimum for economic reasons. In some cases, they are even more than 0.5 m (e.g., variants EB-EPS, EB-MW). 
Discussion
There are several aspects to consider when analysing the results from the previous section. During economic analysis, it turned out that for some variants the optimal thickness of thermal insulation does not guarantee obtaining the required value of the heat transfer coefficient (U opt > U n = 0.23 W/(m 2 K) was obtained). This can happen when the cost of heat generation is low (heat sources CB and HP) and at the same time the cost of the insulation material is high (PUR). It should also be noted that the type of wall construction material practically has no effect on the U opt coefficient obtained (see Table 5 ). Of course, the optimum thickness of thermal insulation d opt depends significantly on the structural material of the wall through the U o coefficient (see Equation (7)).
However, taking into account the results of the ecological analysis, U Eopt < U n = 0.23 W/(m 2 K) was obtained in each studied variant. For some variants, thermal insulation thickness optimum for ecological reasons (even approx. 0.5-1 m) is impossible for technical reasons.
Due to the above observations, it was decided to check more closely what the relationship between NPV, NPV E and U values are. Table 10 gives the NPV values (see Equation (1)) obtained for U = U n . It should be noted that negative values (CC-CB or CC-HP) were obtained for some variants (marked with bold). The highest values were obtained for the LSB-EB variant. In this variant, the LSB wall has the worst (largest) U o coefficient before thermal insulation. However, heating with the use of EB heat source is characterized by the highest cost value K c among the considered heat sources. The NPV E values (see Equation (9)) for U = U n are given in Table 11 . It should be emphasized that positive values were obtained for all variants. As in the case of NPV, the structural material of the wall and the heat source used have the greatest impact on the NPV E value. Again, definitely the highest values were obtained for the LSB-EB variant (marked with bold), because the LSB wall has the worst U o coefficient. Moreover, heating with the use of EB heat source is characterized by the highest value of K e cost from all considered heat sources. The type of thermal insulation material has the least impact on the NPV E value. Next, NPV and NPV E values were determined for U = U opt . Of course, NPV (U opt ) > NPV (U n ) was obtained for each variant. Similarly to U = U n , positive NPV E values were obtained for all U = U opt . It should also be noted that with U opt < U n , NPV E (U opt ) > NPV E (U n ) was obtained and vice versa. The biggest difference, for all structural materials of the wall and climate zones, between NPV E (U opt ) and NPV E (U n ) was obtained for variant EB-EPS. For this variant, the lowest U opt values were found (see Table 5 ).
Finally, NPV and NPV E values were determined for U = U Eopt . In the case of NPV, the value significantly depends on all the parameters taken into account. For example, for variant CC-CGB-PUR, NPV (U Eopt ) < 0 was obtained, and for variant CC-CGB-EPS NPV (U Eopt ) > 0 was obtained in each climate zone. In the case of NPV E , already with U = U n for each variant NPV E (U n ) > 0, therefore also NPV E (U Eopt ) > 0.
For four selected variants, the NPV and NPV E dependence on U graphs are presented. Figure 1 shows the results for the CC-CGB-MW (U o = 0.430 W/(m 2 K)) and climate zone I. It should be noted that in this variant NPV < 0 was obtained for U = U Eopt . However, the difference between NPV E (U opt ) and NPV E (U Eopt ) is small. The Figure 3 shows the results for variant LSB-CGB-MW (U o = 1.514 W/(m 2 K)) and climate zone III. In this case, the situation is similar to the previous option, with the percentage differences being even smaller. The Figure 4 is for the variant CC-CB-PUR and climate zone III, in which U opt > U n was obtained. It should be noted that in this variant NPV < 0 was obtained even for U = U opt . To sum up, it can be stated that it is profitable to use larger thermal insulation thicknesses than optimum for economic reasons. Greater environmental benefits are achieved, with a slight decrease in economic benefits.
Conclusions
The present study proposes a method of determining ecological heating cost, similar to the previously introduced economic heating cost. Thanks to this, it is possible to analytically describe the economic and ecological net present value of the thermal insulation investment and determine the optimal thickness of the thermal insulation for both economic and ecological reasons. For all studied variants, in all climate zones occurring in Poland, the optimal thickness of thermal insulation for ecological reasons was obtained much greater than for economic reasons. For each case, already at the thickness of thermal insulation optimal for economic reasons, the investment was profitable for environmental reasons (NPV E > 0), i.e., a reduction in environmental load was obtained as a result of the thermal insulation investment.
In the subject literature there are also longer utility periods of considered thermal insulation materials assumed. With N greater than 25 years, the investment is more profitable. For each variant, a higher value of optimal thickness of thermal insulation is obtained, both for economic and ecological reasons. It is similar with NPV and NPV E .
On the basis of the conducted study, it can be noticed that it is preferable to use higher thermal insulation thicknesses than optimum for economic reasons. Higher ecological benefits from thermal insulation investment are then obtained, with not much reduction of economic benefits. According to the regulation [11] , from 2021 stringent requirements for thermal insulation will apply in Poland.
Since this year, the heat transfer coefficient of the external vertical wall cannot be greater than U n = 0.20 [W/(m 2 K)]. In the light of the carried out research, this is most justified for ecological reasons. The research has shown that specific recommendations for optimal heat transfer coefficient and the thickness of the thermal insulation depends very significantly on conditions such as: type of construction material of the wall, type of heat source, type of thermal insulation material and climate zone in which the building is located.
